ABSTRACT: The North Inlet marsh -estuarine ecosystem (located at South Carolina, USA) is described via three sub-models: intertidal, benthic -subtidal and water column. The principal storage compartments and fluxes of energy are defined for each submodeL A detailed example of the intertidal oyster subsystem of the intertidal submodel is described. The biological components of the oyster community are shown to be stable and a linear systems model of the oyster community is developed. A 1 ~ sensitivity analysis of the intertidal oyster model affords some order in which aspects of the oyster community should be studied.
INTRODUCTION
Estuaries and their surrounding marshlands are invaluable natural resources. These areas have served as centers of population and are heavily utilized for industrial development, shipping, fishing, and recreation. Furthermore, such usage is destined to increase in the future, with the wholly predictable result of increased competition for this limited natural resource. Estuaries already have been exploited to varying degrees; in some, almost the total biota has been ruined. Despite recognition that estuaries are not an unlimited resource, only recently have integrated scientific studies leading to the development of predictive models for multiple coastal zone use strat#gies begun to take place. Such integrated studies, rather than isolated investigation~ of individual species, are necessary for effective pollution control and long term management of the estuarine ecosystem. In particular, production energetics, and the mechanisms of various dynamic processes as influenced by environmental perturbations are poorly understood, although knowledge of these factor.s has obvious economic and scientific values.
This paper summarized portions of our study of the dynamics of a relatively undisturbed marsh-estuarine ecosystem. The objectives of these investigations are:
(1) to understand better the dynamics of marsh-estuarine ecosystems through in-tegrative research, and (2) to be able to predict the consequences of technological and societal changes on estuaries.
The area investigated is the North Inlet Estuary located adjacent to the Belle W. Baruch Foundation property in Georgetown County, South Carolina, USA (Fig. 1) . The specific study area is approximately 6 km • 2.4 km and encompasses 
THE NORTH INLET MODEL

Subsystems
Initially a comprehensive conceptual model of energy flow was formulated by our research team. For ease of comprehension this conceptual model was divided into three subsystems:
(1) The water column defined as the aqueous environment located above the bottoms of the benthic subtidal zone and the intertidal marsh zone, and the upper most boundary being the air-water interface (Fig. 2) .
(2) The intertidal zone is the benthic region extending landward from the (Fig. 3) .
(3) The benthic subtidal zone is the area beneath the water column and seaward of the lower limi.t of the intertidal marsh. Included in the benthic subtidal zone is the material between the sediment-water interface to a depth of 50 cm (Fig. 4) .
The conceptual model of North Inlet is of the compartment type with the storage and flow of energy between the various compartments and the flux of energy into and out of the system. The variables within the model are the parameters and state variables. The parameters are forcing functions from outside the system, such as light energy and the rates of energy flux between compartments. In Figures 2-4 , the parameters which enter and leave a compartment but are generated by a particular submodel are listed as Fi, j, where i is the compartment whioh lost the energy and j is 22,6 ~ 6,20 F 17,6 2 %1 Fig. 3 : The benthic subtidal model the compartment which received the energy. The resp,iration parameters are shown as R to indicate energy lost from the system. Relationships between compartments in a given submodei are shown by directional arrows, but these parameters may also be written as previously described. The state variables (Xi) describe the concentration of energy in a given compartment (kcal m--~).
Compartments
The overall model consisted of the 23 compartments or state variables which are defined as follows:
(X1) Benthic macroflora. The energy associated with those macroscopic algae, including filamentous forms, that are attached to a benthic substrate, but excluding those species of blue-green algae that form m~,ts and that contribute to the stability of the benthic sediments. Primary species: Green, red and brown algae. (X2) Benthic microflora. The energy associated ws those microscopic algae, both unicellular and muhicellular that are primarily associated with the upper 1 cm
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9.3 ~$9. (X3) Benthic detritus. The energy associated with the dead organic material in or on the bottom below the mean low tide, also includes di.ssolved organic carbon in the sediment.
(X4) Benthic decomposers. The total microbial biomass measured using ATP.
The dominant species of benthic bacterial decomposers are: Pseudornonas, Vibrio, Achrornobacter, Aerornonas, and Cytophaga.
(Xs) Omnivore-meiobenthic. The energy associated with those benthic animals living below the mean low tide that pass through a 0.5 mm sieve and are retained on a 0.063 mm sieve.
(Xr Omnivore-macrobenthic. The energy associated with those omnivorous benthic animals living below the mean low tide that are retained on a 0.5 mm sieve.
(XT) Intertidal macroflora. (Xs) Intertidal detritus. The energy associated with the plant and animal (biogenic) material decomposing in the intertidal marsh.
(Xg) Mobile intertidal herbivores. The energy associated with mobile intertidal macrofauna larger than 1 mm mesh which consume plant or detrital material.
(X10) Carnivorous birds. The energy associated with all avian species, both resident and transient, that feed in the intertidal marsh or on the water column. The dominant species feeding on the water column are: Black Skimmer, Terns, Bay and Sea Ducks, Pellican, and Osprey. In the intertidal marsh: Marsh Wren, Rails, and Seaside and Sharp-tailed Sparrows.
(Xll) Intertidal omnivores (Meio). The energy associated with those benthic animals living between mean-low water and mean high water that pass through a 0.5 mm sieve but are retained on a 0.063 mm sieve.
(Xl~) Intertidal carnivores. The energy associated with crabs, chiefly Panopeus, Eurypanopeus, and occasionally Uca, which feed upon other animals.
(X~3) Intertidal decomposers. The total microbial biomass in intertidal sediment measured using ATP. The dominant species of intertidal bacteria (decomposers) are:
Pseudornonas, Vibrio, Achromobacter, Aerornonas, and Cytophaga.
(XI~t) Intertidal filter feeders. The energy associated with the intertidal macrofauna which filter microscopic plant, animal, and detrital material out of the water.
(X15) Carnivorous mammals. The energy associated with all mammal species (exclusive of man) that feed in the intertidal marsh. The dominant species are: Raccoon, otter, feral pigs, Norway rat, rice rat, cotton rat, harvest mouse, house mouse, and deermouse.
(X~6) Phytoplankton. The energy associated with those microscopic algae, both unicellular and multicellular, that are primarily free-floating in the water column. Primary species: diatoms, dinoflagellates, and chrysoflagellates.
(X~7) Suspended detritus. Biogenic particulate organic matter suspended in the water column. The material retained on micro-fine glass fiber filters (Whatman GF/C) and converted to CO~ by combustion at 500 ~ C.
(X18) Herbivores-zooplankton. The energy associated with those planktonic animals free floating or swimming that eat live plant material. Primarily the zooplankton but may include some fish larvae.
(X19) Omnivorous nekton. The energy associated with the consumers that utilize both plant and animal matter as energy sources. The dominant species are: Mullet, crabs, Fundulus, and shrimp.
(X~0) Carnivorous nekton. The energy associated with the consumers that utilize herbivores, omnivores, and other carnivores in the water column as energy sources. The dominant species are: Sharks, dolphin, rays, trout, flounder, spot, croaker, drum and seaturtles.
(X21) Suspended decomposers. The total microbial biomass in the water column during the ebb and flood tide as mg C m -~ measured using ATP. The dominant species of suspended bacterial decomposers are: Pseudomonas, Vibrio, Achrornobacter, Aerornonas, and Cytophaga.
(X~) Dissolved organic matter (DOM). The energy associated wi~h those dissolved chemicals in the water column, which are organic in nature and synthesized by biological processes. These are mainly compounds arising from excretory and secretory processes.
(X2a) Intertidal omnivores (Macro). The energy associated with intertidal macrobenthic consumers which utilize both plant and animal matter as energy sources. These organisms are mainly worms. The conceptual model of North Inlet is used to illustrate data known either from direct observations or from literature sources, to visualize possible relationships, and to consider the measurability of the various rates. The relation matrix (Fig. 5 ) describes those interactions which we feel exist and which we are capable of estimating or measuring at this point in time. The columns of Figure 5 represent donor compartments and the rows recipient compartments. The interaction between compartments is for this model strictly energy flux. Of the 506 possible interactions in Figure 5 (23 X 23, minus 23 because compartments do not interact with themselves), 114 have some relation. The model has a system connectivity of 23 ~ Other ecosystem models have connectivities from less than 10% in the grass prairie model to 34 0/0 in a lake cove model (Patten, 1975a) .
THE INTERTIDAL OYSTER MODEL
We have collected data on the intertidal zone and an operational computer simulation model has been developed to describe energy flux in the intertidal oyster community. This aspect of our investigations will be described here.
Intertidal oyster communities are common to the high salinity estuarine environments of the southeastern United States. These communities are dominated by dense concentrations of oysters, Crassostrea virginica, whose shells give these assemblages a high degree of structural stability. The intertidal oyster communities are located in the mid-to low-intertidal zone and usually border or project into tidal creeks.
Studies on the intertidal oyster beds in North Inlet have been in progress since 1969 and a considerable mass of information has been accumulated on the energetics of these communities (Dame, 1972 (Dame, , 1976 . Table 1 is a list of the average values for numbers and biomass for two years of bimonthly quanti,tative sampling of one particular intertidal oyster community. Since energy and energy flux are the attributes of most interest in understanding the North Inlet marsh-estuarine system, a compartment model of energy flow through our intertidal oyster community (Fig. 6 ) was developed. The state variable,s and parameters are the same as those previously described for the North Inlet conceptual model. Values for the standing crops (state variables) and rate functions (parameters) are given in Table 2 .
The values in Table 2 were determined as follows: A value of 5 kcal g--1 was used to convert the dry weight biomass of invertebrates into standing crop energy Seven years of observations of the intertidal oyster beds in North Inlet indicate there is little change in biomass and diversity; thus, this community appears to be stable (Dame, 1976, in prep.) . From these observations it is assumed that the intertidal oyster community model is at steady state, where input equals output from the system's boundaries and for each compartment. The input to X14 from algae ([F16,14) and detritus (F17:14) i~s calculated by summing the total output from X14 and setting this value equal to (F16,14+F17,14) . Input of detritus (Fs28) to Xe~ is considered as 25 0/0 of the total input required to equal the outputs from this compartment. Little is known about the input and output from the decomposers, therefore, the input of detritus (F8,13) to X13 was considered equal to the export X~g (F18,17) tO achieve a balanced model.
Respiration values were taken from the literature or calculated from equations using dry body weights. Respiration estimates for oysters and other bivalve herbivores (R14,0) utilize the observations of Dame (1972, unpublished) . The respiration of carnivorous crabs (R12,0) is estimated from the observations of Dame & Vernberg (unpublished) , while values for the other macrofaunaare computed using the general equation of Pamatmat (1968) . Decomposer respiration (Rl~,0) was set equal to the sum of the mortality inputs to this compartment. Mortality was calculated from the turnover time for a given compartment. Turnover times used were: herbivores -3.3 years (Dame, 1976) , omnivores -0.3 years (D. M. Dauer, personal communication), and carnivores -1.5 years (Dame & Vernberg, in prep.) .
Feeding by the omnivores on the filter feeders (F14,2~) was calculated by taking 75 ~ of the total inputs needed to balance the sum of the outputs from X28. Feeding by the carnivores on the herbivorous filter feeders (F14,e3) was found by summing the outputs from X~2, taking a feeding input of 50 0/0 of the total omnivore production (F2a,le) and allowing the remainder of the required input to come from the herbivores.
Export from the system was in the form of feces, pseudofeces, and feeding by transient carnivores. Production was estimated for the various components from Dame (1976) , Dame & Vernberg (in prep.) and the general equations developed by McNeill & Lawton (1970) . Utilizing an assimilation efficiency for oysters of 0.62 (Dame, 1972) , export of feces and pseudofeces was computed. The export of feces and pseudofeces from X23 and X1.~ was estimated to be 14 ~ of the standing crop biomass of the respective compartments. X~ export was set equal to X~3 input of detritus as previously stated. Predation of X14 by carnivores external to the system was found by subtracting the remainder of production. Export from X23 to transien, t carnivores was equated as 50 ~ of total omnivore production. A value of 100 ~ of the carnivore production was used as feeding by external carnivores on Xt2, because there are no predators on this compartment within the system's boundaries.
The next stage in modeling a system is to develop a mathematical model which describes the amounts of energy and rate of energy flow. One typical method is to produce a set of ordinary differential equations describing the system. This type of model requires that the inputs and outputs of each compartment be expressed in the form of differential equations. For a simple linear system, such as the intertidal oyster community model, transfer coefficients are computed for the steady state by dividing the rate of energy leaving a compartment by the amount of energy contained in the compartment. The transfer coefficients for the intertidal oyster community model are shown below; the Greek letters Q, ~., ~t and ~ stand for respiration, export from the system, mortality to the decomposers and predation within the system respectively: By assuming the energy transferred from a donor compartment to a receiving compartment is .directly proportional to the energy in the donor compartment, and by putting all the energy losses and gains from a compartment in terms of transfer coefficients, the system can be defined by the following set of differential equations, one equation for each compartment. 
dX18/dt = F8,13 + ~t14,13 (X14) + ~23,13 (X23) + ~t12,1~ (X12) -XI~ (91a,o + ~13,17) (4)
As previously defined, Xn describes the standing crop energy of a given compartment and F16,13, F17,14, F8,23 and F8,13 In addition to simulating the model as given, it was analyzed for statistical sensitivity at steady state. In this case, sensitivity analysis means how the individual compartments will behave if a given rate function is changed 1 ~ The results of the sensitivity analysis are shown in Table 3 .
The 1 ~ sensitivity analysis of the intertidal oyster community model shows that the standing crops of all compartments are most sensitive to changes in energy F~6,14 + F17,14) to the X14 compartment. This is expected in a simple linear model. In addition, all four compartments exhibit a high level of sensitivity to changes in export (k14,17) and respiration (914,0) from X14. All compartments are fairly sensitive to change in their respective respiration energy losses. Compartment X23, the omnivores, is also sensitive to energy losses to the decomposers (~t23,13) and external to the system (k12,17). Finally the decomposers (X13) are very sensitive to changes in respiration energy loss (918,0) and energy input from the herbivores (~t14,13). Using this sensitivy analysis of the intertidal oyster community model as a guide, it is quite easy to develop a hierarchy of transfer functions for future study.
DISCUSSION
The linear systems model of the North Inlet intertidal oyster community showed only small initial fluctuations and these fluctuations ceased within 2.2 years. This response seems to describe the naturally occurring intertidal oyster communities in North Inlet which have been stable for at least the past five years. We cannot at this time say that this model is a valid representation of the "real world" intertidal oyster communities until we have manipulated and stressed existing intertidal oyster beds and simulations of the model have predicted the changes which our manipulations produce in the real communities.
The linear character of the intertidal oyster community systems model may have to be changed especially in respect to the feeding rates of the herbivores. It is obvious that despite increases in the food supply to the herbivores, beyond their needs, the herbivores will not in nature continue to grow (Tenore & Dunstan, 1973; Winter, 1973) . One possibility might be to model the herbivore feeding rates with some feedback repression similar to the procedure described by Wiegert (1975) . Predominantly linear models of an ecosystem or community are probably unrealistic, but it should be noted that linearization may describe ecological systems in their large scale better than non-linear models (Patten, 1975b) .
The development of a linear systems model of the intertidal oyster community has noted shortcomings in that there is a paucity of available data. There are no quantitative data on the export of energy from the community by transient predators, although we do know these predators exist. It is of particular importance that information be gathered on the magnitude of detritus and algae food sources available to the filter feeding herbivores since these feeding rates are very sensitive to change. The lack of information on the decomposer component standing crop and the sensitivity of decomposer respiration point to further areas of exploration.
The utilization of ecosystem models can increase man's understanding of complex natural systems and lead to more efficient research efforts through data summarization and organization. The analysis of the North Inlet marsh-estuarine ecosystem has benefitted from such an approach. We must keep in mind, that a good model is a constantly evolving entity which changes through time as man's understanding of nature increases. There is no final model.
